Abstract-Studies of photofernelectric (PFE) image storage in H,
INTRODUCTION N RECENT PAPERS
we presented results of our studies of photoferroelectric (PFE) image storage [4] - [6] in H-and He-ion-implanted PLZT (lead lanthanum zirconate titanate) ceramics which demonstrate that the photosensitivity of PLZT can be significantly increased by ion implantation in the ceramic surface to be exposed to image light. More recently, implantations of Ar and Ar t Ne into the PLZT surface have produced much greater photosensitivity enhancement. For example, the photosensitivity after implantation with 1.5 X IOl4 350 keV Ar/cm2 t 1 X 1015 500 keV Ne/cm2 is increased by about four orders of magnitude over that of unimplanted PLZT. Measurements indicate that the photosensitivity enhancement in ion-implanted PLZT is controlled by implantation-produced disorder which results in marked decreases in dielectric constant and dark conductivity and changes in the effective photoconductivity of the implanted layer [7] , [8] . In this paper the effects of Ar-and Ar + Neimplantation are presented along with a phenomenological model [7] which describes the enhancement in photosensitivity obtained by ion implantation.
This model takes into account both light-and implantation-induced changes in conductivity and gives quantitative agreement with the measured changes in the coercive voltage V, as a function of near-UV light intensity for both unimplanted and implanted PLZT. The model, used in conjunction with calculations [9] of the profiles of implantation-produced disorder, has provided the information needed for coimplanting ions of different masses, e.g., Ar and Ne, to improve photosensitivity.
We first demonstrated in 1976 that optical images could be stored in transparent PLZT ceramics by exposure to near-W 
87185.
The authors are with Sandia National Laboratories, Albuquerque, NM light with photon energies equal to or greater than the band gap energy of -3.35 eV [4] . The image storage process relies on optically induced changes in the switching properties of ferroelectric domains, i.e., the intrinsic PFE effect [5] , [6] .
Stored images are nonvolatile but can be erased by uniform near-UV illumination and simultaneous application of an electric field. Another attractive feature of P U T as an image storage medium is that the images can be switched from a positive to a negative or vice versa by switching the ferroelectric polarization from one saturation remanence to the other [ 101 , [l I ] . Partial switching can be used to enhance contrast in regions of the stored image which were initially exposed at the same level by a technique called baseline subtraction Although high quality images, with contrast ranges of >I 00 : 1 and spatial resolution of -40 line pairs/mm, can be stored in ferroelectric (FE)-phase PLZT using the intrinsic PFE effect, relatively high exposure energies (-100 mJ/cm2) are required to store these images. This large exposure energy severely limits the range of possible applications of PFE image storage in unmodified PLZT. Since spatial modulation of the electrical and dielectric properties of the PLZT which contribute to formation of the image is confined to the nearsurface W absorption region, it follows that modification of the material to enhance the photosensitivity should also be confined to the region adjacent to the surface. This reasoning provided the basis for the initial experiments with ion implantation. Our most recent experiments using coimplants of Ar and Ne have resulted in image storage exposure energy thresholds of -10 p J/cmZ compared to -100 mJ/cm2 for unimplanted PLZT.
[101, [I11 *
PFE DEVICE FABRICATION
The PFE image storage devices are extremely simple and easy to fabricate. The device consists merely of a thin plate of polished PLZT 7/65/35, which denotes a solid solution with the composition Pb0.93La0.07(Zr0.65Ti0.35) 0.98303 withtransparent indium-tin oxide (ITO) electrodes sputter-deposited on the two major faces. The I T 0 electrodes have a thickness of -0.12 pm and a resistivity of -10 n / o .
Ion implantation was performed using a 300-keV Accelerators Incorporated positive ion accelerator, and ion energies greater than 250 keV were achieved by implantation of doubly charged ions. For most of the data presented in the present paper the ions were implanted before the IT0 electrodes were deposited; however, we have recently found that more uniform implants, and therefore more uniform domain switching, can be obtained if a thin deposited prior to implantation to prevent charge buildup during implantation, In this latter case, additional I T 0 is deposited after implantation to yield a total electrode thickness of 0.12 p m . A schematic illustration of the ion-implanted device is shown in Fig. 1. Typical device dimensions are 25 X 25 X 0.25 mm3, although devices with much larger areas can be readily fabricated. Typical implant and absorption depths are x3 5 1 pm and x 2 -10 pm, respectively, and the remaining thickness x1 -240 pm is unaffected by either the implantation or illumination.
CHARACTERISTICS OF THE ION -IMPLANTED REGION
We have found that the ion-implantation-induced photosensitivity enhancement results from the disorder produced by energy the implanted ions deposit into atomic collision processes, i.e., energy imparted to atoms of the PLZT by implanted ions. The primary effects of the disorder are to decrease the dielectric constant and the dark conductivity of the implanted region relative to the unimplanted dielectric constant and dark conductivity and to alter the photoconductivity of the implanted region. The substantial reduction of the dielectric constant indicates that the implanted region is probably no longer ferroelectric. The decrease in dark conductivity accounts for the observed increase in voltage required to switch the ferroelectric polarization.
The depth distribution of implanted ions and the depth distribution of energy deposited into atomic and electronic processes can be accurately calculated using codes developed by Brice [9] . Examples of the results of these calculations for given implant energy, the range of heavy ions decreases with increasing mass, but the fraction of implant energy deposited into atomic processes increases with increasing mass. This behavior is further illustrated in Figs. 4 and 5 for 500-keV Ne and 500-keV Ar implants, respectively. Since ion-implantationproduced photosensitivity enhancement also depends on the thickness of the implanted layer, as wiIl be discussed below, we have used coimplants of Ar and Ne to extend the disordered region to a depth of -0.5 pm as shown in Fig. 6 . To store an image in the sample of Fig. 9 , a switching voltage of, e.g., 150 V would be applied to the ceramic in the absence of illumination. Since this voltage is less than the threshold voltage for domain switching, no FE domains would be reoriented. The image to be stored would then be exposed on the implanted surface using near-W light. As can be seen from the data in Fig. 9 , the simultaneous application of UV light and the switching voltage will reorient domains under the exposed regions of the ceramic. Since the domain switching is proportional to I , an image which faithfully reproduces the gray scale will be stored in the ceramic plate.
SWITCHING CHARACTERISTICS

PHENOMENOLOGICAL MODEL O F PHOTOSENSITIVITY ENHANCEMENT In this section
we present a simple phenomenological model [7] to describe both the photoinduced reduction of V, which governs the storage process and the ion-implantation enhancement of the photosensitivity. Since the photon energy is greater than the bandgap energy, the light will generate charge carriers and increase the conductivities in regions ( 2 ) and (3) of Fig. 1 . To simplify the analysis, we first consider the case for unimplanted PLZT for which 
where Dl , D2 are electric displacements and e 1 , e2 are relative dielectric permittivities. For t -+ =, the continuity equation
where j l , j 2 are current densities for regions (1) and (2), respectively, and ul, u2 are conductivities. For the experiments under consideration we are interested in the long time (essentially dc) behavior governed by (2).
To estimate the effect of illumination on the conductivity u 2 , we assume that the photoexcited carrier concentration is dominated by intrinsic photoconductivity. Under this assumption the light-induced electron concentration N will obey
where a1 and b N 2 govern carrier excitation and recombination, respectively. For I constant with respect to time, dN/dt = 0, so that N and the attendant changes in u are proportional to I l l 2 . For intrinsic photoconductivity we thus write for region ( 2 ) U z ( I ) = u l t A G )
where
If the conductivity is dominated by one type of carrier,A is given by A = (a/b)e * p , where e and p are the electronic charge and carrier mobility, respectively, and a and b are defined by (3) . It should be noted that u 2 ( l ) is an exponentially decreasing function of depth x from the surface with a falloff governed by the absorption length 01-l of -10 pm for X = 365 nm.
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The applied voltage V is dropped across the sample according to d V = lx2 E2(x)dx t El dx which, under the above assumptions, can be solved to yield the electric field throughout the sample, as when the field El is taken to be constant throughout region (1). The subscript u denotes unimplanted PLZT, andIo is the light intensity at the surface. We could have written a general expression for E(x) throughout depth d and solved ( 5 ) to yield an equation identical to (6) with x2 replaced by d . However, the purpose of dividing d into the regions x1 and x2 was to permit the solution to be expanded for small x 2 , where x2 is the depth for which u2 >> u l . Although this expansion requires an additional fitting parameter, the resulting equations are valuable for optimizing the device performance. We thus expand (6) for small x2 to yield Two interesting features are evident from (7). Since I decreases rapidly with x , the depth x2 over which there is an appreciable change in u changes with I. Secondly, in the above approximation, light-induced changes in the conductivity in region (2) have a second-order effect on the voltage required to attain a given field in the dark region (1). Physically this dependence reflects the fact that the low-conductivity bulk region governs the current through the sample. Once the conductivity of region (2) appreciably exceeds that of region (l) , further increases in the conductivity of region (2) have only a small effect on the total current. Assuming that (7) holds at the coercive field for the present experimental conditions and postulating that the depth x2 is governed by an equation similar to (4), within the framework of the above approximations (7) becomes where the approximate form of (8) derives from setting x 2 / ( d -x ? ) = x 2 / d E B a in the second-order term. The subscript c denotes that & ( I ) is evaluated at the coercive field and EC,,(O) is taken to be a constant parameter of the material, i.e., we assume a critical field is required to switch the unilluminated ceramic.
B is defined by B = l / d times a parameter analogous to A in (4). The physical significance of B is that B f l is the value of x 2 / d for which E2 <<El .
We next consider the effect of ion implantation. Ion implantation changes e and u in a well-defined near-surface (<l pm) region denoted as (3) in Fig. 1 and can have a marked effect on V, for both illuminated and the unilluminated conditions. Straightforward solution of equations analogous to (2) and (5) for I = 0 yields where the subscript i denotes implanted PLZT, and u3 is taken to be uniform over the depth x 3 . From (9) it is apparent that the increase in the coercive voltage Vc,i at I = 0 produced by ion-implantation results from a decrease in the dark conductivity u3 (0) of region (3). For example, for 5 X 1014 400-keV Ar/cm2, which has x3 = 0.5 pm, we find that ul /u3 (0) E 340.
For I # 0, if we approximate the sample by three regions, analogous to a two-region approximation for unimplanted PLZT, (2), (4), and (5) can be extended and solved to yield Vc,i(I) in terms of the dark coercive field of region (l), Ec,u(0). Assuming that the photoconductivity is intrinsic in the implanted region also, one finds where V c , U ( l ) is given by (8) and C is analogous to A in (4) but refers to implanted material.
DISCUSSION
If the microscopic parameters such as a , b , p , etc., were known for PLZT, the parameters A , B , and C introduced in the preceding section could be evaluated to calculate V,(I) from first principles. Unfortunately, the. microscopic parameters are not known, so we treat the parameters A , B , and C in (8) and (10) as adjustable parameters to determine if the intensity dependence of V, is adequately described by the model. V,(O) is directly measured at I = 0 and the parameters A and B in (8) can be readily evaluated from the data. The solid curve for the unimplanted sample in (mW/cm2)-1/2. As can be seen for Fig. 10 , (8) gives a good fit to the measured Vc,u ( I ) for unimplanted PLZT throughout the intensity region 1 pW/cm2 < I < 100 mW/cm2 investigated. Two variables of (10) which depend directly on the conditions of ion implantation are x 3 and u3. To maximize photosensitivity, (10) indicates that the ion damage depth x3 should be increased and that the dark conductivity u3 (0) in the implantation region should be minimized. The damage depth x 3 is increased either by implanting ions with lower mass or by implantation at higher energies; u3 (0) is reduced by maximizing implantation damage with more massive ions. Both of these dependences have been verified experimentally. The photosensitivity increase obtained with 500-keV Ar compared to 400-keV Ar (Fig. 10) illustrates the x 3 dependence. The lower photosensitivity for 200-keV He [3] , which has greater x3 than does 500-keV Ar, reflects the damage dependence.
To describe the dependence of the coercive voltage o n I f o r ion-implanted PLZT, we use the parameters obtained for unimplanted PLZT together with 01x3/u3x1 evaluated from (9) at I = 0 and Cof (10) evaluted at some point on the V&(I) curve. Calculated V,(I) dependences for Ar, and Ar t Ne implants are compared with the measured dependences in Fig. 10 . It is apparent from the curves in Fig. 10 for ionimplanted PLZT. that (10) gives a reasonable description throughout the five decades in I which were measured. The curves for the Ar implants were calculated using the above parameters and C / o 3 (0) = 0.80 (mW/cm2)-1/2 . Identical parameters were used for the 400-and 500-keV Ar implants, with the exception of x 3 which was adjusted to account for the calculated differences in range of the implants [9] . The fact 'that both curves give accurate fits to the data lends further support for this model.
The ion-implantation-induced enhancement in photosensitivity is summarized in Fig. 11 where the change in coercive voltage AV, is plotted as a function of I for different implanted ions. Empirically we find that the image storage threshold for a one-second exposure occurs at AV, --25 V, independent of the implanted species. The image storage threshold may thus be read directly from the curves in Fig. 11 , and has been decreased from -85 mJ/cm2 in unimplanted PLZT to -45 pJ/cm2 for coimplants of 5 X 1014 500-keV Ar t 1.5 X 1015 400-keV Ne. Very recently, we have further reduced [12] the threshold energy to -10 pJ/cm2 with coimplants of 500-keV Ne and 350-keV Ar which yields a more uniform damage distribution than the coimplants reported in Fig. 11 . We should also note that implantation with chemically active ions can be used to shift the absorption spectrum so that visible light can be used for image storage. For example, preliminary measurements indicate that light from an incandescent source can be used to store high quality images in Al-implanted PLZT.
The measured photosensitivity for a sample implanted with 1 X lo1' 500-keV Al/cm2 is decreased by less than an order of magnitude at 436 nm compared to the photosensitivity at 365 nm. CONCLUSIONS The relatively low photosensitivity associated with PFE image storage in unmodified PLZT severely limited the range of possible applications of PFE devices for image and information storage and display. By implanting inert gas ions into the surface of FE-phase PLZT, the photosensitivity of the PFE image storage devices has been increased by about four orders of magnitude. The exposure energy at the image storage threshold is -10 pJ/cmZ for Ar t Ne-coimplanted PLZT cornpared to -100 mJ/cmZ for unimplanted material. With this remarkable increase in photosensitivity, FE-phase PLZT is now the most sensitive, nonvolatile, selectively erasable image storage medium known to exist. Several important properties of various image storage media are listed in Table I . From the data given in the table, it is apparent that ion-implanted PLZT has about the same photosensitivity as Bi12 Si Ozo PROM devices, but the PLZT has the advantages of nonvolatile storage and appreciably larger maximum image storage area. These factors may be quite important for several memory and display applications.
